Abstract.-For more than 10 years, systematists have been debating the superiority of character or taxonomic congruence in phylogenetic analysis. In this paper, we demonstrate that the competing approaches can converge to the same solution when a consensus method that accounts for branch lengths is selected. Thus, we propose to use both methods in combination, as a way to corroborate the results of combined and separate analyses. , 1981) consensus. In particular, the average consensus procedure (Lapointe and Cucumel, 1997) may be more likely than standard consensus methods to produce trees as well resolved as those obtained from total evidence analysis (Lapointe, 1998b; Lapointe et al., 1999).
For more than a decade, phylogeneticists have been searching for ways to analyze the ever-increasing amount of data (for review, see de Queiroz et al., 1995; . The same question has been raised time and time again: Is it better to combine different datasets before phylogenetic reconstruction or not? With the recent advances in and increasing popularity of molecular systematics, this debate opposing total evidence (character congruence) against consensus (taxonomic congruence) approaches has become even more important (e.g., Bull et al., 1993; Chippindale and Wiens, 1994) . Supporters of character congruence (sensu Mickevich, 1978) claim that all data should always be combined for phylogenetic analysis (Kluge, 1989 (Kluge, , 1998 Barrett et al., 1991; Kluge and Wolf, 1993) . On the other hand, proponents of taxonomic congruence (sensu Mickevich, 1978 ) insist that independent datasets should be analyzed separately and combined by means of consensus techniques a posteriori (Swofford, 1991 .
Numerous studies have declared character congruence to be superior to consensus (see Miyamoto, 1985; Barrett et al., 1991; de Queiroz, 1993) , usually providing trees that are more resolved than those obtained by taxonomic congruence. However, consensus methods that consider branch lengths (see Lapointe, 1998a ) have been suggested to do better than those based on topological relationships alone, including the strict (Sokal and Rohlf, 1981) and majority rule (Margush and McMorris, 1981) consensus. In particular, the average consensus procedure (Lapointe and Cucumel, 1997) may be more likely than standard consensus methods to produce trees as well resolved as those obtained from total evidence analysis (Lapointe, 1998b; Lapointe et al., 1999) .
We could engage in this debate by opting for character congruence, taxonomic congruence, or the conditional combination approach. Rather, we prefer to suggest using combined and separate analyses jointly, as proposed by de Queiroz (1993; see also Larson, 1994) . Interestingly, a distance-based procedure relying on the average consensus has been applied successfully by Lapointe et al. (1999) to combine either trees or data matrices in a coherent fashion. This hybrid procedure is defined as a global congruence approach (see Lapointe, 1998b ) because it assesses neither the congruence among characters nor that among individual phylogenies; rather, it evaluates the congruence between total evidence and consensus trees. This approach can thus be used to cross-corroborate the trees obtained by combined and separate analyses.
In the present paper, we apply the socalled global congruence approach to a wide variety of published datasets sampled from the systematic literature, using a uniform 881 distance-based procedure (Lapointe et al., 1999) . We postulate that (1) total evidence and consensus trees will be congruent when average consensus is used to combine the trees estimated separately from individual datasets; (2) average consensus trees will be more similar to total evidence trees and more resolved than strict and majority rule consensus trees; and (3) when average consensus and total evidence trees differ, the discrepancies will not hold if the clades with low bootstrap support in the total evidence tree are collapsed.
MATERIALS AND METHODS
To test our hypotheses, a diversity of datasets evolving under different models and at different rates of evolution was required. To obtain them, we surveyed all papers published in Systematic Biology since Kluge's (1989) seminal paper and selected all those that used multiple character sets. Our initial selection included 26 studies representing a wide variety of taxonomic groups and different types of characters; the number of datasets per study ranged from 2 to 17 and the number of taxa from 9 to 193. From that list, a secondary selection was made according to data availability, which yielded 15 distinct studies with complete character sets. However, because our objectives were quite different from those of the original papers, some datasets were modified before the analyses. In specific cases, the taxa that were not represented in all of the original datasets were deleted, reducing the total number of taxa. In other cases, removing character sets defined for a reduced number of taxa allowed us to proceed with a larger total number of taxa. In each situation, the decision to delete taxa or characters was always made so as to maximize the number of datasets representing the largest possible collection of common taxa. For example, the paper by Mason-Gamer and Kellogg (1996) originally included 41 taxa and four datasets. All comparisons between sets were computed in a pairwise fashion in that publication, and the different combinations did not include all taxa. By considering only taxa for which information was available for all datasets, we reduced the number of common taxa to six. The final list and details about the selected studies are presented in Table 1. Character sets were converted to distance matrices for both types of analyses, to be able to combine trees or data in a similar way (Lapointe et al., 1999) . To do so, uncorrected (p) distances were computed for sequence data, and mean character differences were calculated for any other types of data (all computations were made with PAUP*; Swofford, 1999). In the case of combined analyses, distances were computed by using all characters at the same time. For separate analyses, distance matrices were computed independently from each individual set. Phylogenetic trees based on combined or separate data were obtained by using an unweighted least-squares method (CavalliSforza and Edwards, 1967) implemented in PAUP* (Swofford, 1999) . We then applied a bootstrap procedure to total evidence trees, using the same least-squares method and a fast stepwise addition, for 100 replicates. All weakly supported clades (i.e., those with bootstrap support <50%) were collapsed in the total evidence trees.
To compute average consensus trees (Lapointe and Cucumel, 1997), we recorded the pathlength distance matrices corresponding to the trees derived from the separate datasets. Average pathlength distances were then computed and submitted to a least-squares estimation procedure to construct the consensus solution. The resulting average consensus tree minimizes the sumof-squared distances to the original phylogenies. To compare the average consensus with other consensus methods that ignore branch lengths, we derived strict (Sokal and Rohlf, 1981) and majority rule (Margush and McMorris, 1981) consensus trees directly from the individual least-squares trees computed in PAUP* (Swofford, 1999 ).
An important criterion for evaluating trees, particularly consensus trees, is the level of resolution of those trees. A simple way to measure resolution is to count the number of internal branches in a tree (this is the fork index in PAUP*; Swofford, 1999) . The relative resolution of a tree is computed as the ratio of the number of internal branches to the maximum possible number of internal branches (i.e., n -3 for unrooted trees); this computation allows one to compare the resolution of trees bearing different numbers (n) of species. Likewise, the relative resolution of bootstrap trees can be expressed as the ratio of strongly supported clades (i.e., with bootstrap support >50%) to the maximum number of clades in a tree.
When trees need to be compared with one another, one can use consensus trees and indices (Rohlf, 1982; Shao and Sokal, 1986) . For example, the global congruence of combined and separate analyses can be visualized with a global consensus tree (sensu Lapointe et al., 1999) bearing the clades corroborated by the different approaches. The relative resolution of that global consensus thus indicates topological agreement among the trees compared (a value of 1 means the trees are identical). Different consensus methods can be applied to assess global congruence. Namely, the strict consensus can be used to measure strict congruence (hereafter referred to as Cmin), and the semistrict consensus can be used to indicate semistrict congruence (hereafter referred to as Cmax) among trees. Whereas Cmin represents an index of topological identity, Cmax can be defined in a broader sense as a measure of topological compatibility among partially resolved trees. For that matter, Cmin and Cmax determine the lower and upper bounds of global congruence. Notice that both indices would give identical results for pairs of fully resolved trees, however.
In our analyses, the resolution of all trees was recorded. Total evidence trees were also compared with the different consensus trees by using strict (Cmin) and semistrict (Cmax) congruence. To assess the effect of bootstrapping, both indices were measured before (Cmin and Cmax) and after (Cmin' and Cmax') collapsing the weakly supported clades (i.e., with bootstrap support <50%) in the total evidence trees. Our results were also compared with those previously obtained by the authors of the original studies. We wanted to know whether total evidence trees based on distances were topologically different from the previously published trees, when restricted to the same numbers of taxa. We also compared the bootstrap support values obtained in both cases to determine the number of wellsupported clades in common. Finally, all individual trees obtained in the separate analyses were compared with the corresponding total evidence tree to detect any differences that could be reflected in the consensus.
RESULTS
All of the total evidence trees were fully resolved, as expected, given that a least-squares procedure was applied to distance matrices computed from the combined datasets. However, comparisons of these trees with those in the original studies revealed similar levels of resolution. In most cases, the least-squares phylogenies were congruent with the previously published trees based on parsimony (Table 1) . The proportion of clades with high bootstrap support in our total evidence trees varied from 0.44 (4 of 9) to 1 (14 of 14); similar numbers were also obtained in the published trees.
In all but four cases, the topologies of the total evidence trees based on distances or characters were identical. For Lutzoni's (1997) data, the position of a single taxon was different in our tree, but the bootstrap value for the branch supporting that clade was rather low (61%). In the case of Flook et al.'s (1999) data, the relationship of two small clades differed from our tree. Olmstead and Sweere's (1994) data also differed from ours with respect to the relationships of four taxa within a large clade. Finally, the analysis of Mason-Gamer and Kellogg's (1996) data revealed several discrepancies in our tree relative to those already published; when we compared the relationships among the six taxa for which all sequences were available in the original study, only one clade appeared to be congruent with our total evidence tree.
All of the average consensus trees were fully resolved, just as the total evidence trees were. On the other hand, the resolution of the standard consensus trees was quite variable. The relative number of resolved clades ranged from 0 (0 of 14) to 0.66 (4 of 6) in strict consensus trees and from 0.13 (3 of 24) to 1 (7 of 7) in the majority rule trees. By definition, all clades in the majority rule consensus were obtained in the strict consensus trees; in three cases for which only two separate trees were combined, those consensus tree were identical (Kluge, 1989; Omland, 1994; Pennington, 1996 In all comparisons involving total evidence and average consensus trees, strict and semistrict congruence indices were identical because both trees were always fully resolved before bootstrap analysis. Strict congruence (Cmin) was better for the average consensus (0.78) than for majority rule (0.52) or strict consensus (0.20) trees, on average. On the other hand, semistrict congruence (Cmax) was worse for the average consensus (0.78) than for majority rule (0.97) or strict consensus (1.00) trees, on average. The standard consensus methods produced trees that were perfectly compatible (Cmax = 1) with the total evidence trees in 10 and 15 cases, respectively. Given the poor resolution of these consensus trees (see Table 1 ), such results were not surprising (an unresolved tree is always compatible with any other tree!). The comparisons performed after bootstrap analysis revealed quite different patterns, however. Strict congruence values decreased or remained the same for all consensus methods, following bootstrapping, and Cmin' was again better for average consensus trees (0.64) than for majority rule (0.45) or strict consensus (0.19) trees, on average. Semistrict congruence (Cmax') was also better for the average consensus (0.90) than for majority rule (0.80) or strict consensus (0.73) trees, on average, when the clades with low bootstrap support in total evidence trees were collapsed. Whereas Cmax' always decreased or remained the same for standard consensus methods, it usually increased in the case of average consensus trees.
The results of the global congruence analysis comparing total evidence and average consensus trees can be classified into two categories: the perfectly congruent cases, for which combined and separate analysis provided identical trees (Cmin = 1), and the incongruent cases, for which the competing approaches provided topologically different solutions (Cmin < 1) before bootstrap analysis. Those incongruent results could be further divided into three subsets: studies that were unaffected by the bootstrap; studies for which bootstrap analysis partially improved the global congruence; and studies for which all topological incompatibilities between total evidence and average consensus trees were caused by weakly supported clades (Table 1) (Cannatella et al., 1998) , the majority rule consensus was also identical with the total evidence tree (Cmin = 1). As an example, Figure 1 illustrates the total evidence, average consensus, and strict consensus trees obtained with Omland's (1994) data. The total evidence tree is here topologically identical to the average consensus tree, whereas the strict consensus tree differs in terms of resolution. In this specific case, as well as with Baker and DeSalle's (1997) data, all clades were highly supported and global congruence was not affected by the bootstrap analysis. In the two remaining examples (Cannatella et al., 1998; Gatesy et al., 1999a), however, bootstrapping reduced strict congruence (Cmin') between consensus and total evidence trees (see Table 1 ).
Apart from these four examples, the other 11 studies provided topologically different trees (Cmin < 1) when using combined or separate analyses before bootstrap analysis. In one situation (Baum et al., 1998), collapsing weakly supported clades in the total evidence tree did not affect the compatibility (Cmax') of the average consensus but did reduce the topological compatibility of standard consensus trees (Table 1) (Table 1) . In all of these cases, the observed E. monensis discrepancies between total evidence and av--E. fordii erage consensus trees were not well supported, and collapsing those branches re-E. gracilis suited in perfect topological compatibility. ;ul
As an example, the results obtained from Kluge's (1989) 
DISCUSSION
The main objective of this paper was to evaluate the generality and applicability of the global congruence approach (Lapointe et al., 1999), using a wide variety of datasets gathered from the literature. We postulated that a coherent distancebased approach would lead to congruent solutions, regardless of whether data or trees were combined. Our results supported that claim and showed that total evidence and consensus can provide very similar trees, if branch lengths are taken into account when combining the individual phylogenies. The average consensus procedure (Lapointe and Cucumel, 1997) and other consensus techniques for weighted trees (see Lapointe, 1998a ) thus represent interesting alternatives to standard consensus methods, if the user is interested in capturing not only topological agreement among the trees combined but also pathlength differences.
We also predicted that average consensus trees would be more similar to total evidence trees and more resolved than strict and majority rule consensus trees, as shown by Lapointe et al. (1999) . Our analyses verified that prediction and demonstrated that topological methods are indeed more likely to produce less resolved trees. This is an important observation because the poor resolution of consensus trees has been repeatedly used to illustrate the superiority of a total evidence approach. In the light of the results obtained with average consensus, combined analysis does not appear to be superior to separate analyses. The trees produced by both approaches can be equally resolved, and in a large number of cases topologically identical, when branch lengths are taken into account.
On a related matter, we claimed that apparent conflicts between trees might be reduced if the weakly supported clades with low bootstrap support are collapsed in total evidence phylogenies. Our results confirm that assertion. As a matter of fact, the comparison of total evidence and consensus trees was greatly affected by bootstrap analysis. Strict (Cmin') and semistrict congruence (Cmax') decreased when the clades that were weakly supported in total evidence trees were also obtained in consensus trees. On the other hand, Cmax' increased when the clades with low bootstrap support were incongruent with the consensus solutions (i.e., topological compatibility was improved when collapsing these clades). Consequently, the global congruence of total evidence and average consensus was always superior to that of standard consensus methods, after bootstrapping.
The different consensus methods used in this paper have distinct properties and can produce different solutions. On the one hand, topological techniques were initially developed to indicate corroboration by independent datasets (Nelson, 1979) -and this notion continues to be an important argument for using consensus (e.g., Miyamoto and Fitch, 1995) . On the other hand, consensus with branch lengths (sensu Lapointe, 1998a) focuses on corroboration by'distances-an approach implying that average consensus trees may greatly differ from strict (or majority rule) consensus trees. For instance, average consensus trees could contain clades that were not present in any of the individual trees (e.g., as was the case with Kluge's data; see Figure 3 ). The effect of long terminal branches may also affect consensus solution when branch lengths are taken into account. However, several arguments favor consensus methods that incorporate such branch lengths. First, compared with standard consensus methods, average consensus uses more information and is usually more resolved. Second, the individual trees combined can be weighted according to the number of characters in the separate datasets. Third, various least-squares algorithms can be used to construct average consensus trees that satisfy different evolutionary models (e.g., by enforcing a molecular clock; see Kirsch The differences among consensus methods that ignore or incorporate branch lengths are also apparent in our results. Whereas topological identity (Cmin = 1) was obtained only for average consensus trees (except in one case), topological compatibility (Cmax = 1) was common for standard consensus techniques, before bootstrap analysis. Note that these congruence indices measure different things, however. Cmin measures topological identity as a strict consensus would represent it; its maximum value is obtained for fully resolved trees containing exactly the same clades. Cmax, on the other hand, is related to what a semistrict consensus (Bremer, 1990) aims at representing; its maximum value is obtained when the consensus is fully resolved and no clades are incompatible in the trees compared. Both indices would provide identical results in the case of fully resolved trees, but Cmax is more liberal when polytomies are found in any of the input trees, as it is the case when branches are collapsed after bootstrapping, or when a consensus is not well resolved (e.g., strict consensus trees).
Despite the wide variety of studies considered in the present work, we observed no relationships between global congruence indices (Cmin and Cmax) and the characteristics of the datasets. For instance, the perfectly congruent cases (Omland, 1994 All of our combined analyses were based on distance matrices, computed from character data or molecular sequences. Similarly, the consensus analyses were based on the combination of pathlength distance matrices, corresponding to the different trees obtained from individual datasets. For that matter, our approach could be blind to clade support possibly hidden in the analyses of separate datasets, whereas a character congruence approach would be able to identify such "hidden support" (see Gatesy et al., 1998b) . Interestingly, the total evidence trees computed with a least-squares algorithm were in most cases congruent with the most-parsimonious total evidence trees published in the original studies. For the most part, those trees were in turn congruent with average consensus trees. Consequently, our results do not seem to have been affected by the type of phylogenetic estimation method, nor by the use of distances, and our conclusion still holds when compared with the original phylogenies.
Future work could generalize the global congruence approach to supertrees defined on overlapping sets of taxa (Lapointe and Cucumel, 1997), instead of reducing the datasets to include only common taxa. In such applications (see Kirsch et al., 1997; Lapointe and Kirsch, 2001 ), the average consensus procedure represents an alternative to the more commonly used supertree methods based on topological relationships (for a review, see Sanderson et al., 1998), while considering branch lengths. As stated above, the effect of various weighting schemes could also be evaluated to determine optimal ways to combine phylogenies derived from datasets with different numbers of characters. Taxonomic congruence automatically attributes equal weights to each dataset regardless of the numbers of characters each contains, a procedure considered by some as arbitrary (Hillis, 1987; Donoghue and Sanderson, 1992) . However, assigning unit weights to every character-molecular as well as morphological-in a total evidence framework also causes problems (see Doyle, 1992) . This dual effect can be addressed with a weighted-average consensus method, accounting for the number of characters in the individual datasets when computing the consensus tree (Lapointe et al., 1999) . Finally, we would like to assess whether a global congruence approach increases phylogenetic accuracy over that obtained when using either one of the competing methods independently. The agreement between trees obtained with combined and separate analysis could then be visualized in a global consensus tree (e.g., Lapointe et al., 1999; Lapointe and Kirsch, 2001) bearing the clades corroborated by the different approaches; one could then argue that those clades are more likely to be real (see Kim, 1993) .
